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Introduction
Grassland covers the majority of the world's agricultural area and provides the feedstock for a sizable component of global animal production Fuhrer, 2005, Soussana and Lüscher, 2007) Moreover, it provides multiple indirect benefits to society such as biodiversity conservation, soil protection, and contributes to recreation and rural amenities (Lehmann and Hediger, 2004) . The productivity of grasslands is dependent on the specific management and environmental factors such as temperature, rainfall and soil conditions. Changes in climate are, therefore, expected to alter the production conditions for temperate grasslands within the next decades (Fuhrer, 2003, Soussana and Lüscher, 2007) , affecting grassland productivity, production risks, fodder quality and the frequency of occurrence of weed species (Calanca and Fuhrer, 2005 , Fuhrer et al., 2006 , Stampfli and Zeiter, 2004 , Soussana and Lüscher, 2007 . To improve knowledge on future food supply and land use and to support the decision making process of farmers, governments and other stakeholders in terms of strategic planning and agricultural policy implementation, analyses of climate change impacts on agriculture and potential adaptation are required.
The effects of altered temperature and precipitation conditions and elevated CO2 concentrations can be studied with targeted field experiments (see e.g. Soussana and Lüscher, 2007) . However, field trials suffer from three limitations. First, they typically address stepped changes in the environmental forcing. Second, they can only take a limited number of management options into account. Third, they are limited in time and do not necessarily provide information on long-term ecosystem responses. For this 4 reason, the analysis of experimental data is often complemented with sensitivity analyses based on simulations with either statistical or process based models (Lazzarotto et al., 2009 , Riedo et al., 1998 ).
Yet even ecosystem models provide a restricted field of view, for they do not take into account the economic settings and are thus incapable of adequately simulating ways in which farm management and markets can affect yields and returns (Risbey et al., 1999) .
In order to overcome this drawback, integrated bio-economic modeling frameworks are adopted that combine a mathematical formulation of farmers' decision making and grassland production. Examples of such integrated modeling frameworks are presented by Berentsen and Giesen (1995) , Berentsen et al. (2000) , Conway and Killen (1987) , Herrero et al. (1999) , Topp and Doyle (1996a,b) . A review of earlier work on integrated grassland-economic modeling is provided by Parton et al. (1994) . Based on this background, we develop in this paper a modeling approach that integrates a processbased grassland model into an economic model to describe farmers' decision making with respect to input use. Our approach extends earlier work by considering non-linear responses of grassland composition and grassland productivity to management intensity, as well as by accounting for production risks in the field-level decision model. The goal of this paper is to assess impacts of climate change on yield levels, yield variability and the composition of a typical managed grass-clover system as well as to project potential changes in farmers' management practices in response to altered climatic conditions with a geographic focus on the Swiss Plateau. To this end, we develop and apply a bio-economic modeling framework to derive optimal input use under certain assumptions concerning input and output prices, agronomic constraints relatively to fodder quality, the risk behavior of farmers and environmental obligations imposed from decisions at the political level.
2.
A bio-economic model for a grass-clover system
The bio-economic modeling approach is developed in three steps. Firstly, the grassland model PROGRASS (Lazzarotto et al., 2009 ) is used to simulate the effects of fertilization on the yield and composition of grass/clover swards under different climate scenarios.
Secondly, based on multiple years of weather data, the outputs of these simulations are used to fit statistical functions for average production, yield variability as well as grassland composition. Thirdly, these functions are integrated into an economic model that solves an optimization problem posed as a certainty equivalent maximization problem following Finger et al. (2010) .
Given our approach, this section is structured as follows: the grassland model and relevant simulations are described in Section 2.1; statistical functions relating production, yield variability and composition to management intensity are given in Section 2.2; Section 2.3 presents the integration of these statistical functions into a non-linear, economic optimization model; finally, Section 2.4 provides information concerning the setup of the simulations.
The grassland simulator
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Our work is based on applications of the PROductive GRASland Simulator (PROGRASS), a dynamic plot-scale model written in Fortran 90 that simulates seasonal production dynamics of mixed grass/clover systems in response to climate and management. Plant processes including carbon assimilation, plant respiration, mineral N uptake, biological N fixation (BNF), allocation of assimilates to one shoot and root compartment, dry matter turnover and water use, are simulated on a hourly time scale separately for two plant functional types, generically called grass and clover. These are characterized by specific responses to temperature, soil water availability and atmospheric CO2 concentrations and are allowed to compete for light and soil N resources. Concerning light, the model considers the sward as a binary mixture, with homogenous leaf distribution in the horizontal plane and the vertical direction and radiation interception by the components depending on their relative Leaf Area Index (LAI) and specific extinction coefficient (Ross et al., 1972) . Regarding N acquisition, PROGRASS assumes that the grass component uniquely relies on soil mineral N-uptake, while clover has access to N from BNF, resp. N-uptake at low, resp. high soil mineral N concentrations. Following Schwinning and Parsons (1996) , both BNF as well as soil mineral N-uptake are formulated as saturating responses, with BNF declining but mineral N uptake increasing with increasing soil mineral N availability.
Soil temperature at a representative depth and volumetric water content in a single soil layer are computed using an approximate solution of the heat transfer equation in the first case (Lazzarotto et al., 2010) , and a full solution of the water balance in the second case (Lazzarotto et al., 2009) . The mathematical formulation of soil organic matter dynamics (including mineralization) is basically the one implemented in the CENTURY model 7 (Parton et al., 1987 (Parton et al., , 1993 . As for plant processes, an hourly time step is used to update all soil variables.
The model is driven with hourly weather data, and requires specifications of initial conditions in relation to plant state variable (LAI; shoot and root dry matter pools), soil temperature and volumetric water content, as well as soil mineral and organic N pools.
For our application, model parameters were specified to represent mixtures of a tall- (Ammann et al., 2007 (Ammann et al., , 2009 ). Hourly weather data needed to drive the model were observed directly at the site.
Production, Yield Variation and Grassland Composition Functions.
Data sets generated with the grassland simulation model, which account for different fertilization levels and climate scenarios, are used to estimate average production, yield variation and grassland composition as a function of the annual N input. These response functions can be considered as analytical approximations of the sensitivity to N input calculated by PROGRASS and are needed for a straightforward integration of biological 8 responses to agricultural management into the bio-economic model described in Section 2.3.
We use a quadratic production function to describe the relationship between annual nitrogen application (N, kg ha -1 y -1 ) and average grassland yield (Y, t DM ha -1 y -1 ):
In order to correctly estimate the standard errors of the coefficient estimates in presence of heteroscedasticity, a White correction (White, 1980) is made for production function estimation using the CAR package of statistical language and environment R (R
Development Core Team 2008).
In order to take the effect of input application on both yield and yield variability into account, we use a Pope (1978, 1979) production function in which inputs are allowed to influence both the mean and the variance of the output: 
In a second step, the absolute values of these residuals are used to estimate the yield variation function using a square root specification: 
Economic Model
In the economic model, we use a certainty equivalent (CE) maximization approach to describe and analyze farmers' decision making with respect to optimal input use (this approach follows Finger et al., 2010) . The CE is a certain (non-random) level of payoff that provides the farmer the same utility as a higher but uncertain payoff and is defined as follows:
is the expected (i.e. mean) net revenue, which is calculated as revenue minus variable costs (i.e. costs for input use) and RP the risk premium given in (7). For our analysis, the expected net revenue was defined as follows:
where p is the output (i.e. hay) price, and N Z is the input price for a unit of nitrogen N .
As before ) (N f denotes the production function, i.e. the expected average production level given a certain level of nitrogen fertilization. Other costs such as for harvesting or spreading fertilizer, are assumed, in particular due to the fixed number of cuts and operations, to be constant and are thus irrelevant for the optimal input allocation. Note that we assume in our economic analysis hay to be sold directly from the swath. Thus, no further costs that depend on the yield level such as for drying or transportation are considered. We here assume intensive grassland production only -extensive and low intensive grassland production implies higher direct payments but assumes that no fertilizer or only a limited amount of organic fertilizer is applied, respectively (BLW,
For a risk averse decision maker, the risk premium ( RP ) is "the sure amount of money" the farmer is willing to pay to eliminate risk exposure by replacing the random revenue with its mean (Di Falco et al., 2007) . Following Di Falco et al. (2007) and Pratt (1964) , the risk premium can be (approximately) defined as:
where 2 π σ is the variance of net revenue and γ is the coefficient of relative risk aversion, which is assumed to be constant. The farmer is averse to risk, neutral to risk, or risk loving when γ is greater than zero, equal to zero and less that zero, respectively. Here, we consider a relative risk premium that measures the risk premium as a proportion of , is attractive because it represents typical forms of risk (averse) behavior and implies decreasing absolute risk aversion. Even though the model allows for both price and production risks, we focus on the variability of production.
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Thus, the variance of net revenue simplifies to With these assumptions, the optimization problem, which is maximized with respect to input use, is defined as follows:
In the real world, farmers face restrictions that have not been discussed so far but need to be integrated into the optimization problem. For our analysis, we separately integrate two restrictions, the first related to fodder quality, the second to environmental obligations arising from decisions at the political level.
Considering restrictions in relation to grassland composition (i.e., the fraction of grass and clover) is necessary because the latter determines the digestibility and the nutritive value of the grassland yield. Therefore, farmers can aim at a target grassland composition when optimizing input use. High fractions of clover increase the palatability and are a source of biologically fixed nitrogen. However, clover fractions above some thresholds negatively affect animal health . Based on these considerations Lehmann et al. (1981) and Schubiger and Lehmann (1994) recommend that clover fractions be in the range 30-50% for productive grasslands in Switzerland. We therefore bound the solution space in the optimization problem according to this range.
Rewriting Equation 4 in terms of the clover fraction (CF) as:
we express the optimization problem subject to the fodder-quality restriction as:
The second restriction reflects environmental obligations implemented in the crosscompliance components of Swiss agro-environmental policy. In order to receive general direct payments, farmers must satisfy the conditions of the so-called Ökologischer Leistungsnachweis (proof of compliance with ecological requirements) (Mann, 2003) .
These obligations aim, for instance, to protect soils and prevent nutrient surpluses. To prevent nutrient losses caused by excessive fertilizer application, the application of fertilizer is restricted to the nutrient requirements of the plants. For intensive grasslands, nitrogen application is restricted at (i.e. the assumed nitrogen need in grassland production is equal to) 12 kg N ha -1 y -1 per 1 DM t ha -1 y -1 of grassland yield (BLW, 2006 ). Nitrogen applications above this level increase the risks of nutrient losses to the environment and are thus not allowed. Therefore, the optimization problem subject to this environmental obligation restriction is:
Setup of the Calculations
Setup of Grassland Simulations
PROGRASS was used to examine the ecosystem response to mineral N fertilizer inputs under differing climate conditions. We considered 13 different levels of fertilization, with annual amounts varying from 0 to 600 kg N ha −1 y −1 in steps of 50 kg N ha −1 y −1 . For each setting, the annual amount was distributed over 5 applications scheduled on May 14,
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June 23, August 2, September 11 and October 18 each application following a cut set on the same day. In the broad line, this is consistent with the management practice for productive grassland systems on the Swiss Plateau.
We specified two climate scenarios. The first (BASE scenario) represents current conditions. The second (A2 scenario) represents climatic conditions as projected for 2071-2100 under the assumption of an A2 emission scenario (Nakicenovic and Swart, 2000) by simulations with the regional climate model CHRM (Vidale et al., 2003 (Vidale et al., , 2007 .
The latter were carried out as a contribution to the PRUDENCE project (Christensen and Christensen, 2007) and are illustrative of the shifts in the temperature and precipitation regime indicated for the Swiss Plateau by the totality of the PRUDENCE model runs (OcCC, 2007) . Details relative to the changes in monthly statistics can be found in Table   1 . Apart from an increase in temperature of approximately 3° C in winter and 4° C in summer, the scenario suggests a marked decrease in precipitation from May to September which would entail more frequent occurrence of drought.
< Table 1 . Changes in monthly climate statistics between 2071-2100 and 1961-1990. > To study separately the effects of elevated CO2, the climate scenario for 2071-2100 was combined with two scenarios regarding atmospheric CO2 concentrations, namely a scenario with CO2 fixed at current levels (370 ppm, A2-370) and a scenario with CO2 set at 700 ppm (A2-700), a nominal value representative of the average CO2 levels for 2071-2100 in the A2 storylines.
14 Due to the lack of spatial resolution and the presence of systematic errors in particular at the daily and sub-daily scale, the output of regional climate models of the current generation is not appropriate to be directly used in impact studies at the local scale (e.g. Semenov, 2007) . Therefore, for all scenarios 25 years of synthetic weather data were generated using the LARS-WG weather generator (Semenov et al., 1998) . For our application, LARS-WG was conditioned using daily weather observations for obtained from an operational weather station (Wynau, 47°15'N, 7°47'E, 422 m a.s.l.)
close to the experimental site at Oensingen (see Section 2.1). Built-in statistical tests indicate that LARS-WG performs satisfactorily at this site (see also Lazzarotto et al., 2010) . Moreover, sensitivity analyses suggest little differences between PROGRASS simulations driven with observed weather data and corresponding simulations driven with synthetic weather data. Downscaling of the daily output from LARS-WG to the hourly time scale required by PROGRASS was performed as described in Lazzarotto et al. (2010) .
For the A2 scenarios, the semi-empirical distributions for wet and dry series, daily precipitation, minimum and maximum temperature and solar radiation used by LARS-WG to generate the daily data (Semenov and Stratonovitch, 2010) were modified according to the monthly anomalies listed in Table 1 . For all variables except temperature the climate change signal is considered as a multiplicative factor (reflecting ∆r, ∆τwet, ∆τdry and ∆GR in Table 1 ). When applied to the semi-empirical distributions it entails a stretching/compression, which eventually changes not only the mean but also the variability of the corresponding climate variable. For temperature, additive factors (∆Tmin and ∆Tmax in Table 1 ) as well as a multiplicative factor (reflecting ∆σT in Table 1 ) are applied separately to obtain not only a shift in the mean but also decrease (winter), respectively increase (spring, summer and autumn) in temperature variability. Lazzarotto et al. (2009) noticed that some of the processes in PROGRASS are sensitive to the initial conditions specified for the soil organic matter pools. This is a common problem for dynamic ecosystem models. To avoid significant drifts within the analysis period, it is therefore customary to spin up ecosystem models over a period of time sufficiently long to equilibrate (or nearly equilibrate) the soil organic matter pools. In our case, the 25 years of weather data were recycled six times for a total of 150 years, of which the last 25 years were finally considered for further analysis.
Setup of Economic Calculations
Prices for hay and nitrogen fertilizer were taken from an internet database agrigate.ch 
Results
Results of the Grassland Simulation
Results of the simulations for each combination of annual weather and management (25 years x 13 fertilization levels) are presented in Figure 1 separately for the three scenarios (BASE, A2-370 and A2-700). Figure 1a shows the relative abundance of clover (in % of total yield) for the different nitrogen application rates and climate scenarios. Figure 1b shows the total DM yield (in t ha -1 ). In Next, Figure 1a shows that clover fraction decreases in response to climate change alone (cp. A2-370 with BASE). This results from the assumption that clover is less tolerant of water stress than grass (Lazzarotto et al., 2010) However, the clover fraction responds markedly to elevated CO2 concentrations (A2-700), as the latter stimulates photosynthesis in clover more than grass and has also positive effects on symbiotic N fixation .
In line with the results of Nevens and Rehuel (2003) , Figure 1b shows positive effects of increasing N application on herbage production. However, the incremental response lessens with increasing N levels, suggesting decreasing marginal productivity of the applied N. This latter effect is strongest for A2-370. Consequently, while yield steadily increases up to 600 kg N ha −1 y −1 in BASE and A2-700, the response saturates at about 400 to 500 kg N ha −1 y −1 in A2-370. Furthermore, Figure 1b shows that the variability of grassland yields increases with increasing N fertilization. Similar responses of grassland yield variability to nitrogen are, for instance, indicated by Doyle and Lazenby (1984) .
Similar to clover abundance, there is a contrasting impact of climate change and elevated CO2 on herbage production. There is a considerable decrease in yield following climate change, but elevated CO2 stimulates productivity above current levels even under the assumption of increasing heat and water stress.
Results from the Statistical Analysis
Estimated values of the coefficients in Equations (1), (3) and (4), which are based on the data presented in Figure 1 , are presented in Table 2 and the corresponding functions drawn as solid lines in Figures 1a and 1b . The coefficient estimates of the production functions (Table 2a) show a decreasing marginal productivity of the production factor.
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The intercept of the production functions, i.e. the yield level without application of nitrogen, decreases from the BASE to the A2-370 scenario. However, this negative impact of climate change is overcompensated if the CO2 fertilization effect is taken into account in the A2-700 scenario.
< Table 2b . They show increasing yield variability with N fertilizer input. Even though the coefficient for nitrogen is significant at the 1% level, the small goodness of fit suggests that variability in grassland yield is mainly determined by factors other than N input. Moreover the data in Table 2b , indicate higher production risks in future grassland production, since both yield variability without nitrogen application (i.e. the regression intercept) as well as the effect of nitrogen application on yield variability increase with climate change. 4). It shows that nitrogen reduces the clover fraction, however, with a saturating effect.
As seen in Figures 1a and 1b , the range of yields and clover fractions simulated by PROGRASS for a given rate of N use is large, with values that in some cases should probably be considered as outliers. To check if the regression results were affected by such outliers, we estimated again the production and grassland composition functions using robust regression techniques (the MM-estimator and a robust glm-estimator from the 'robustbase' package in R). No significant differences were found between the least squares and robust regression results.
Results of the Economic Model
Results of the economic model show that the unrestricted optimization leads to highly intensive production but with an optimal nitrogen application of 315 kg N ha −1 y −1 , which is much greater than the levels encountered in practice on Swiss farms (Table 3 ) (cp. e.g. Wyss, 2002) . Introducing the environmental constraint according to the cross compliance obligations leads to a decline in the optimal nitrogen application (94 kg N ha −1 y −1 ), and an optimal grassland yield of about 10 t DM ha -1 . These results are consistent with the observed average grassland yield in Switzerland (Calanca and Fuhrer, 2005) and field trial based recommendation for nitrogen application . Because more than 90% of farmers are integrated in the cross-compliance scheme (BLW, 2008) , it can be assumed that the environmental constraint integrated in our bio-economic evaluation is binding for most Swiss farmers. Similar results are obtained if certainty equivalents are maximized subject to a constraint on fodder quality (i.e. clover fraction) (Table 3 ).
< Table 3 . Optimal Production Patterns in Present and Future Climate. > For the A2-370 scenario, optimal yield levels are up to 30% lower than for the BASE scenario. The smaller marginal productivity of nitrogen application leads to a reduction in 20 the level of nitrogen application. Even though grasslands yields and the optimal nitrogen application are lower, we observe an increase in the coefficient of variation of yields of the order of 80% and a relative decrease in farmer's utility (i.e. certainty equivalents) of approximately 30%. These results suggest that the optimal response of risk-averse farmers to less favorable conditions (characterized by lower and more variable yield levels) is a reduction of the production intensity, which thus appears as a viable adaptation strategy to climate change.
In contrast, for A2-700 we observe a general increase in average yield levels (approximately +20%) and marginal productivity of nitrogen, which reflect the positive effects of elevated CO2 concentrations. We observe furthermore an increase in both absolute and relative yield variability if compared to the BASE scenario.
Obviously the results of Table 3 reflect the assumptions of the modeling approach, as discussed in Section 2. Key to the economic optimization are the hypotheses concerning the coefficient of relative risk-aversion and the price levels. In order to analyze the sensitivity of the model to these assumptions, we conducted a sensitivity analysis by varying the coefficient of relative risk aversion from 0 to 4, and the price for grassland production from 110 to 190 CHF/ton jointly. The results (not shown) suggest that, as expected, increasing risk aversion reduces optimal nitrogen application levels, and thus decrease both yield levels and yield variability. In contrast, increasing price levels lead to higher optimal yields and yield variability due to higher nitrogen application rates.
However, differences with the standard evaluation are not sufficiently large as to alter the overall conclusions.
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Policy measures, particularly subsidy structures that favor environmental protection, are expected to be one of the main drivers of future yield levels and agricultural land use (Audsley et al., 2006) . Our results suggest that environmental obligations are an important determinant of optimal grassland management. To analyze the impacts of different assumptions concerning the agro-environmental policies in Switzerland, we conducted a sensitivity analysis with regard to the production constraints arising from the cross-compliance obligations by increasing the restriction of fertilizer application in the range of 1-30 kg N per 1 t of grassland yield in steps of 1 kg N. Thus, this sensitivity analysis represents the effects of 'loosening' and 'tightening' of the currently applied assumptions for nitrogen needs in grassland production within the Swiss crosscompliance scheme. The results displayed in Figure 2 show that the effects of changes in the fertilizer application restriction on yield levels are similar for the different climate scenarios. Relaxing the environmental restriction increases optimal grassland yields irrespective of climate scenario, and decreases the clover fraction due to an increased application of nitrogen fertilizer. Concerning the latter, differences associated with the choice of climate scenarios are limited to the less intensive production under strict environmental obligations.
< Figure 2 . Effects of changing environmental obligations on grassland yield and clover fraction. >
Discussion
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Allowing for an optimal choice of the management intensity, we found that in the absence of CO2 effects, climate change has negative impacts on production intensity (A2-370 versus BASE). This is due to increasing climate variability, which entails higher production risks and prompts risk-averse farmers to reduce intensity. Risks are smaller when taking increased CO2 concentrations into account (A2-370 versus A2-700). This can be explained by the fact that elevated CO2 concentrations improve the water use efficiency of the sward and thus reduce the sensitivity of grassland dynamics to dryness (Soussana and Lüscher, 2007) .
In our simulations, climate change had a strong impact on sward composition as well, as we found clover abundance to be less negatively affected by increasing N application in A2-700 than A2-370 or BASE (see also Lazzarotto et al., 2010) . In part, these results can be related to the positive effect of CO2 on biological nitrogen fixation, which is particularly relevant as a source of N in extensively managed grasslands , Lüscher et al., 2000 ).
Yet we found this outcome to be conditional on management such that rates of nitrogen application in excess of about 200 kg N ha -1 y -1 in BASE and A2-370 and 300 kg N ha -1 y -1 in A2-700 effectively suppress clover abundance to less than 20% (Figure 1 ). This is below the minimum value recommended by Lehmann et al. (1981) and Schubiger and Lehmann (1994) for a high quality forage, suggesting that trade-offs between increasing quantity and decreasing quality need to be reflected in the decision making process of farmers with respect to N application. Constraining the clover fraction in the range indicated by Lehmann et al. (1981) and Schubiger and Lehmann (1994) would effectively limit N applications to about 130 kg N ha -1 y -1 in A2-700 and 60 kg N ha -1 y -1 in A2-370.
Comparable limitations in the optimal N application levels were found when ecological obligations implemented in the Swiss agro-environmental policy were introduced to constrain the solution of the optimization problem. Because more than 90% of the Swiss farmers are integrated in the cross-compliance scheme (BLW, 2008) , it can be assumed that this restricted optimization is suitable to reflect observed production patterns in intensive grassland systems as typically found on the Swiss Plateau.
Although our analysis goes beyond an assessment based solely on the application of grassland growth models (e.g. Riedo et al., 2001 , Lazzarotto et al., 2010 , our approach can only be considered as an intermediate step toward the bio-economic assessment of climate change impacts and potential adaptation on productive grasslands in general.
Exploratory analyses to extend the range of application to other baseline climate and production conditions could be carried out at little additional costs with the present setup. On the other hand, it is obvious that improving the modeling approach is required in many respects.
For instance, we saw that projected changes are particularly dependent on the assumptions concerning the effect of elevated CO2 concentrations. Conventional wisdom obtained from earlier free-air enrichment experiments has recently been questioned by Long et al. (2006) . As remarked by Lobell and Field (2008) , the effect of elevated CO2
remains the most uncertain and influential parameter in agricultural climate change impact models. Further analysis of completed or new field trials is necessary to better elucidate the role of CO2.
From a modeling point of view, extending the present framework is also necessary to address agronomic options that are at the disposal of farmers for improving management.
We noted for instance the strongly negative effects of increasing N application rates on clover abundance. These results are valid in the context of semi-permanent ecosystems where the only management options are essentially related to mowing and fertilization. In practice, however, grassland composition and therefore forage quality can be more effectively controlled with measures such as over-seeding, reseeding and adjustments of the cutting schedule. To better address observed production systems, further model extensions should also comprise analyses of climate change impacts on grassland production integrating its on-farm use for milk and animal production (e.g. Berentsen et al., 2000, Topp and Doyle, 1996b) .
Furthermore, additional emphasize should be given to the abundance of herbs and weeds in grasslands that might be directly altered by changes in climatic conditions (e.g. Gilgen et al., 2010, Stampfli and Zeiter, 2004) . In this context, breeding of varieties and cultivars could also provide a more efficient way to control quantity and quality of forage production. Sensitivity studies with respect to the parameterization of the grassland simulator are therefore necessary to quantify climate change impacts on the background of improved plant characteristics. In relation to a likely increase in production risks, the adoption of irrigation and insurance schemes may also represent valuable adaptation options Fuhrer, 2005, Torriani et al., 2008 ) that should be considered in further analyses. In particular, for climate scenarios proposing a significant decrease in summer precipitation, the option of sustaining grassland production through irrigation should be envisaged. This should be integrated both into the biophysical analysis via grassland simulator, as well as into the economic analysis. The methodology presented in this work is flexible enough to accommodate this and other extensions.
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We limited our attention to one illustrative climate scenario (i.e. the assumed changes in the temperature and rainfall regime specified for the simulations), which can certainly not provide sufficient material to draw general conclusions. Had we chosen another scenario, either from the PRUDENCE or e.g. from the IPCC ensembles, we would likely have seen differences at least in the details. It is clear, therefore, that systematically looking at uncertainty propagation, by repeating simulations for a set of different climate change scenarios, is one of the priority tasks for future work. In doing so, one could explore also the implications of different emission scenarios and management options.
Finally, there is no doubt that future studies should also include scenarios for changes in the market, trading and political context, because eventually these will represent the key factors determining how climate change will affect agriculture on the continental and global scale (FAO, 2002) .
Conclusion
In this paper we presented a methodology for the assessment of climate change impacts on managed grassland production providing a rationale for incorporating both plant physiological as well as economic considerations. For the overall evaluation, results of simulations with a process-based grassland model were used to establish statistical relations between nitrogen input and average yield production, yield variability and grassland composition, which were then adopted to solve an economic optimization problem. In this field-level decision model, optimal grassland management depends on responses of grassland composition and grassland productivity to management intensity, as well as on production risks.
As a practical application we considered a case study from Switzerland. Regarding crop growth under current management, our results indicated that grassland yields will increase under future climatic conditions only if the benefits of rising atmospheric CO2
concentrations are taken into account. This is in agreement with findings from previous studies (e.g., Lazzarotto et al., 2010 , Nijs et al., 1996 , Riedo et al., 1999 . Increases in the marginal productivity of nitrogen application induced by the CO2 fertilization might lead to more intensive grassland management (higher N application rates) in the future.
Without this potential benefit, climate change will lead to less intensive input use and lower grassland yields. Our results suggested that constraints on fodder quality and crosscompliance obligations play an important role in optimizing grassland management under current and future climate conditions. Thus, these aspects need to be taken into account if potential future environmental changes are analyzed. Moreover, we find that climate change is likely to increase grassland production risks in the future, irrespective of CO2 concentrations. For risk averse farmers, these increases in production risks might foster the reduction of production intensities as a viable adaptation option to climate change.
Furthermore, the here indicated increases in production risks show that the management of climate risks is an essential area for future research. Changes (Δ) in monthly climate statistics between 2071-2100 and 1961-1990 simulated by the regional climate model CHRM for the Swiss Plateau under the assumption of an A2 emission scenario. Changes in monthly precipitation amounts (Δ P), duration of wet (Δτwet) and dry (Δτdry) spells, global radiation (GR) and inter-annual standard deviation of air temperature (ΔσT) are expressed as relative changes to todays' climate and are given in %; changes in daily maximum (ΔTmax) and minimum (ΔTmin) air temperature are absolute. 
